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PREFACE

The Nationd Heart, Lung, and Blood Ingtitute asked Valee L. Willman, M.D. to chair an
independent, expert pand review of the Tota Artificid Heart Program. The pandl was asked to
as=ss the need to continue targeted Ingtitute-directed research to achieve long-term mechanica
circulatory support. The pand carefully reviewed the field, discussed the issues, and reported
their assessment and recommendations to the Indtitute. The Ingtitute has accepted the pand’s
report and is conddering the recommendations. The report is published herein and is avalable to
al interested parties.
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EXECUTIVE SUMMARY

In response to the Nationa Heart, Lung, and Blood Ingtitute (NHLBI) Director’s charge, the
pand gppointed to asss in the Indtitute’ sreview of the Tota Artificia Heart (TAH) program
reports on its deliberations concerning continued NHLBI support of that program.

It is the pand’ s consdered recommendation that NHLBI funding of the two ongoing TAH
programs be continued through the stages of readiness testing, in-vivo anima verification and
clinicd trids. The level of support is not specified because it will depend on the rate of progress,
the leve of required verification of safety and effectiveness, as determined in conjunction with
the NHLBI gtaff and regulating agencies; and the extent to which private developers and hedth
care agencies contribute. As the devices move towards clinical application, it is appropriate that
contributions by involved private devel opers be increased, particularly in the realm of hardware
and technology. It is most important that in the dlinicdl trid stage hedth care funding agencies
assume respong bility for the components of patient care that are not directly related to the
evauation of devices. It isaso of great importance that the NHLBI maintain an oversght role
through dinicd trids.

This recommendation has savera bases. Paramount is the fact that chronic congestive heart
falure perssts asamgor cause of morbidity and mortaity. Apart from cardiac
dlotrangplantation, which has limited gpplicability due to limited donor organ supply, there are
no evolving methods of amdioration quantitetively or quaitatively comparable to that of
mechanical assstance.

Some current ventricular assist devices (VADs), which derive from the NHLBI mechanica
circulatory support program, can provide rdliable biventricular support on atemporary basis,
while others dlow untethered activity during prolonged periods in patients responding to
isolated |eft ventricular assstance. All continue to undergo improvement. They provide
confidence in the promise of comparable accomplishments for the TAH. Although severa
biologica, technologica and socioeconomic nuances yet exi, it isjudged that there are no
insoluble problems thet nullify the expectation of adlinicaly effective TAH.

Estimating the number of patients that will potentidly benefit from TAHs was as troublesome

for this pand asit has been for past review groups. The pand started by considering the number
of patients from severd background popul ations expected to benefit from mechanica assstance.
It is estimated that currently 1 percent of the 250,000 patients annudly undergoing cardiac
surgery in the United States receive mechanica device support exclusive of an intra-aortic
baloon pump. This support is overwhdmingly temporary with avery smdl percentage of these
2,500 likely to be appropriate candidates for TAHs. Currently, 20 to 30 percent of patients
coming to cardiac trangplantation are on mechanica support. The Inditute of Medicine (IOM)
panel (1991) proposed that there would be 35,000 to 75,000 candidates annually for mechanical



assis devices, assuming awearable and effective device were available. The current panel,
reviewing recent information on refractory heart failure prevaence in reaion to age, systolic
function, and clinical severity, estimates that 35,000 to 105,000 patients would be candidates for
mechanica assstance. Using the approach of estimating from death datidtics, the sze of the
population that would benefit from cardiac transplantation is 50,000 to 100,000. From dl of
these considerations, the pand judged that it was reasonable to anticipate that 100,000 patients
are currently candidates for long-term out-of-hospital mechanica assistance. The percentage of
thistotal group that will requirea TAH instead of isolated left ventricular support is not
accurately determinable; the panel estimates it to be from 5 to 10 percent, yielding a population
of 5,000 to 10,000 annualy.

Pand discussion did not disclose any ethicd, public policy or quaity of life issues that have not
been discussed in prior reviews. The pand reemphasized the need for the NHLBI and the Food
and Drug Adminigration (FDA) to jointly work towards diminating the need for duplication of
data acquigtion in the process of moving from laboratory to clinica goplication. The pand dso
urged the establishment of amechanica device patient registry and urged payers of hedth care
to assume respongibility for funding gppropriate components of carein the clinical trid setting.

The pand congders the contemporary employment of VADs an example of the consderable
accomplishments of the NHLBI mechanica circulatory support program. It is not probable that
development of assst devices would have occurred without the government support that is now
being increasingly assumed by industry as dinicdly effective devices move towards marketing
approva. The pane believes that funding of the TAH should take the same course,



EXPERT PANEL REVIEW OF THE NHLBI TOTAL ARTIFICIAL HEART (TAH) PROGRAM
|. HISTORY OF PROGRAM AND CHARGE TO PANEL

Late in 1996, the NIH awarded two contracts intended to bring two totdly implantable
orthotopic artificia heart modd s through the stage of preclinical trids in anticipation thet

clinica tridswould begin in the first decade of the twenty-first century. Implementation of those
clinicd tridswould be the crowning achievement of the NHLBI Artificid Heart Program
initiated thirty-five years ago to address the problem of end-stage cardiac disease through the
gpplication of new medica and surgica technologies.

Initid effortsin the artificid heart program, spurred by the enthusiasm to apply technology to

the practice of science, led to the redization that replacing an essentia organ with amechanica
device was an unattainable short-term goa because of the nature and extent of attendant
mechanica and biologicad problems. The revised assessments of time and effort required to
achieve the god of the artificid heart program, along with increased concern asto the ultimate
economic, ethical and socid implications of this technology resulted in extensve discoursein
both the scientific and public domains. The program has undergone many technica and non-
technica (legd, ethicd, socid) evauations both within and outsde the NHLBI. The productivity
of the program in elucidation of biologica phenomena, development of avariety of effective
devices of an assidtive rather than replacement nature, and the abeit dow but nonethel ess steady
progress towards the initid goa, along with the nagging persistence of the problem of end-stage
cardiac disease, have inevitably led to recommendations for continued support of a program in
mechanicd circulatory assstance which hasincluded the TAH design. Detailed reviews of the
program have been presented in the 1991 IOM report, The Artificial Heart and the NHLBI
Report of the Workshop on the Artificial Heart: Planning for Evolving Technologies (1994).

Anticipating completion of the statement of work under the current funding, the Director of the
NHLBI judged it appropriate as a part of a contemporary assessment of the TAH program
objectives to convene this panel. The charge to the panel did not encompass another exhaustive
review; it was rather to assess the need to continue targeted research to achieve long-term
mechanica support.

The pand addressed their charge by directing attention to the following considerations.

. the continuing role for the TAH in the trestment of end stage cardiac disease, giving
consderation to development of other thergpeutic or preventive modalities.

. an assessment of the remaining scientific and technological obstaclesto ataining a
successful TAH.

. review of public policy, quaity of life and ethical issues related to the TAH.
. the ongoing roles of government and industry in the continuing support of research,

development, clinicd testing and application of the TAH and mechanica circulatory
support.



. estimation of the need for government support, and if so, duration, method, and level.

The pand first met on July 15, 1998 for a briefing by the NHLBI staff and a status report by the
current contractors. Pand members reviewed the most relevant materia from recent published
literature and from specific program reports. They reconvened on October 30, 1998 to discuss
and plan thisfind report.

[I. STATE OF THE ART
Ventricular Assist Devices

Theinitid goas of circulatory support were to rescue patients with cardiogenic shock and
reverse myocardia injury in the acute phase. For the most part, this technology was applied to
patients having undergone cardiac surgery who either could not be weaned from
cardiopulmonary bypass or developed shock in the postoperative intensive care unit. A number
of devices have been employed for severd years so that meaningful data have accumulated
concerning the utility of these technologies. Ligted in Figure 1 are the available devices a the
time of this report (September, 1999).

Ventricular Assist Devices (VADS) in Use as of September 1999 (Figurel)

Type of Device IABP ECMO Centrifugal Abiomed Thoratec Novacor HeartMate
pumps
FDA Approved Recovery N/A N/A Recovery Recovery or Bridge Bridge ( eectric-
Indications or Bridge Bridge (investigational) investigational)
Position Intra-aortic Extend Externd Externd Externd Internal Internal
Ventricular Pertid Left Complete Left, Right, Left, Right, or Left, Right or Left only Left only
Support Cardio- or Both Both Both
pulmonary

Patient size Small- Small- Small-Large Small-Large Medium-Large Large Large

Large Large
Average Duration Short Short Short Interrmediate Intermediate to Long Long

Long
Power Source Pneumatic Electric Electric Pneumatic Pneumatic Electric Electric or
Pneumatic

Cannulation Site Peripheral Periphera Arterid Arterid Arteria or Ventricular Ventricular

Arterid Arterid Ventricular

and Venus

Native Ventricle Remains Remains Remains Remains Remains Remains Remains
Anti-coagulation Not Yes Yes Yes Yes Yes No

necessary
Patient No No No No Yes Yes Yes
Ambulation w/assistance
Patient Discharge No No No No No Yes Y es (electric)

Except for centrifuga pumps, al these devices are gpproved by the FDA for the applications
indicated. The more complex devices are suitable for longer-term support while others, such as
the Abiomed system, are clearly designated for post-cardiotomy support only. While dl of these
devices are currently available on the market or through FDA trids, most centersin the United
States utilize only one or two of them because of the obvious expense in maintaining multiple
devices.



It is currently estimated that about one percent of the 250,000 patients annually undergoing
cardiac surgery in the United States recelve some type of VAD support. Estimates of post-
cardiotomy intra-aortic balloon pump (IABP) use are as high as 12 percent in some centers and
the surviva rates of patients supported with balloon pumps after cardiac surgery range from 20

to 50 percent. From these data, one might deduce that there is a greater need for ventricular assst
devices in pogt-cardiotomy peatients than is currently being met. The most commonly used post-
cardiotomy devices are the Bio-Medicus centrifugal pump and the Abiomed VAD.

Extracorpored membrane oxygenation (ECMO) systems have gained some popularity in recent
years but have limited effectiveness in the post-cardiotomy period due to the need for
anticoagulation and the risk of bleeding.

A mgor factor in post-cardiotomy support is the presence of right ventricular failure and the
need for bi-ventricular devices. This need can be met by ECMO, centrifugd VADSs, and the
Abiomed and Thoratec VADs. Theincidence of bi-ventricular support in post-cardiotomy
patients often exceeds 50 percent. However, inindividud series, the use of asngle left
ventricular assst device has had much more success than bi-ventricular devices. Less
commonly, there has been successful application of right VADs using |ABP for |eft-sided

support.

The success of post-cardiotomy VAD support is related to severa factors including the time
interval of device gpplication, the presence of an acute peri-operative myocardia infarction, the
presence of massve bleeding, and the development of rend failure. While the primary god of
gpplication of assist devicesin most of these patientsis recovery of ventricular function, some of
the devices can be used to bridge patients to transplantation if recovery does not occur. For
example, the Thoratec VAD has been used successfully to bridge post-cardiotomy patients to
trangplantation if there was insufficient myocardid recovery.

While the overdl survivd rate for patients undergoing post-cardiotomy support isa
disappointing 25 to 30 percent, these patients would dmost certainly have died if not supported.
Therefore, it isimportant that development continue for devices that can be gpplied
expeditioudy in the operating room and that can supply bi-ventricular support, idedly, without
anticoagulation. It is dso important to develop methods of determining which ventricles are
likely to recover so that more specific gpplications of these devices may be made, particularly in
patients who are not candidates for cardiac transplantation. Determination of irreversble failure
of both ventricles would provide rationde for replacing the heart in post-cardiotomy patients
with aTAH either asabridge or dternative to cardiac transplantation.

The obsarvation of the revershility of operative ischemic injury led to the gpplication of
mechanical cardiac assst in selected instances of cardiac shock associated with myocardial
infarction. Successes have been noted but the frequency of application islow; dightly more than
one hundred have been reported.

The more common application of ventricular assist isin candidates for cardiac transplantation
who are at risk of sustaining impaired organ function as aresult of low cardiac output. Now,
with the availability of implanted, eectricaly powered VADs with a wearable battery power
source, patients formerly hospitalized on inotropic and other intensive medical therapy can be



discharged to home awaiting transplantation. The observed efficacy and safety has warranted the
establishment of arandomized clinical trid comparing long-term course and outcome of petients
with such implanted devices to those on amedicd regimen in apopulation with New Y ork Heart
Asociation (NYHA) functiona Class 1V cardiac failure who are not candidates for
transplantation. (REMATCH trid)

These longer-term and elective applications of assst device technologies employ one of a variety
of pulsatile devices that are either extracorpored or implanted, powered pneumaticaly or
electrically, and tethered to a console or to awearable dectrica harness. Recently there has been
consderable effort directed to the development of axia flow devices which are consderably
smaller than the pulsatile devices, implantable ether in intra- or extra-cardiac positions and

driven by awearable eectrica source. One such device is reported to be a the stage of clinica
use.

The fallowing isapartid lising of the most commonly employed long term (weeks to months)
devices for ventricular support, dl of which were developed under the auspices of the NHLBI
(Figure 1):

. Abiomed extracorpored, pneumaticaly driven, pulstile, |€ft, right, or biventricular,
introduced in 1988, is FDA approved for in-hospital use for low output syndrome.

. Thoratec extracorpored, pneumatically driven, pulsatile, eft, right, or biventricular is
approved for in-hospital use for post-cardiotomy low output and as a bridge to
transplantation.

. TCl (Heartmate) implantable, pulsdtile pneumatically driven, is approved for in-hospital
use as a bridge to transplantation. The dectricaly powered totaly implanted
configuration with a wearable power source, trans-cutaneous power lead and vert, is
approved for in-hospital as well as out-of-hospita use for bridging to transplantation and
is currently used under an IDE in the randomized REMATCH trid.

. Novacor implantable eectric, pulsatile, left ventricular, wearable power source, trans-
cutaneous power lead and vent, is approved for in-hospital and out-of-hospital use for
bridge to transplantation.

Although neither the United States nor the world experience of VAD use has been accuratdy
talied, it is currently estimated to be above 6000 patients. Information from the four principa
domestic VAD providersindicates that VADs are used in gpproximately 2000 patients yearly.
Slightly more than 4000 have been employed as a bridge to transplantation. The incidence of
VAD use has steadily increased so that currently it involves 20 to 30 percent of patients coming
to trangplantation. The periods of usein individua patients extend to over three yearsin two,
two yearsin nine and over ayear in ninety-five. Patient functiona capacity on aVAD isjudged
to be comparable to that of NYHA functional Class 111 (in some instances Class 1) patients.
Some patients are employed. Some attend school. The dramatic unloading of the left ventricle
with the mechanica assst devices has been associated with histologic, biochemicd, and
functional myocardia improvement. The native heart has demonsirated adequate function



following device remova in 75 cases, but thereis no systematic long-term follow-up of these
patients, some of whom have developed later deterioration. In NYHA Class IV patients with
critical hypoperfusion and progressive organ dysfunction, there is evidence that the improved
organ function following VAD gpplication improves the outcome of trangplantation. One multi-
ingtitutional non-randomized study of transplant candidates compared those receiving VADs and
those receiving medica thergpy. Of the 75 receiving a VAD, 91 percent of those transplanted
survived 1 year compared to 67 percent of those treated medically.

Complications have been frequent. The most common has been bleeding related to
anticoagulation and perturbations of the coagulation system. Choices of anticoagulation

regimens and pump chamber surfaces have been found to influence both bleeding and
thromboembolism. Infection has been troublesome and believed to be related to trans-cutaneous
lines and to the compromised immune competence in severdy ill patients. A review of more

than 2000 patients from 73 centers reported clinically important infectionsin 25 percent of cases.

Thromboembolism, a frequent event in very early designs of VADS, has been strikingly reduced
as aresult of improvements in pump design. In a contemporary multicenter study, the
thromboembolic event rate was reported to be 0.01 per patient per month. Data were available
from 223 patients for atota support time of 53 patient-months.

Theincreasing use of VADs adong with their increasing efficacy and decreasing complication
rates is encouraging evidence for the successful development of aclinicaly effective TAH.

Total Artificial Heart

Thefirg successful experimental anima implantation of atotd artificia heart somewhat over
forty years ago sustained the recipient for ninety minutes. This experiment encouraged the view
that total replacement of the heart was an achievable god. Persstent effortsin the ensuing years
have provided steady progress toward that goal.

The firgt human TAH implantation in 1969 was in a patient who could not be weaned from
cardiopulmonary bypass following cardiac operation. The intent was to sugtain life while

awaiting adonor heart. Trangplantation was accomplished but the patient died thirty two hours
later of sepds and multiple organ failure. The second human TAH implantation (1981) was dso
in a post-cardiotomy patient employed as a bridge to transplantation. This patient died eight days
following transplantation due to sepss and multiple organ falure.

In 1982, a the Univeraty of Utah, the firg of five patients had TAH implantation as definitive
trestment of acute decompensation of chronic Class 1V heart failure. Survivd in these five
patients ranged from112 to 620 days, complications were numerous and eventudly fatal.
Continued gpplication of TAH as definitive trestment required further device refinements.

In 1985, at the University of Arizona, amodified and improved pneumatic TAH was tested as a
bridge to trangplantation. The gpplication of a TAH in this setting has gained limited

internationa acceptance. In 1992, the world experience of TAH implantation was reviewed.
Between 1969 and 1991, deven TAH modéls, dl pneumatic and thus requiring trans-cutaneous



lines for connections to monitoring and drive systems, were implanted in 221 patients. The
procedures were performed at 39 centers, 20 in North America, and 19 outside North America
Limited data on 15 patients treeted at centersin Eastern Europe reduced the patients available for
evauation to 207 when studied in 1992. Device dysfunction occurred in seven (3 percent), most
at the time of implantation and required device replacement. One patient died as aresult of
device mafunction. Of the 207 patients, 135 (65 percent) subsequently underwent orthotopic
cardiac trangplantation. Seventy three of these died following transplantation, 26 of seps's, and
14 of donor heart rgection. Multiple organ falure, neurologicad events and avariety of other
causes condtituted the cause of death in 33. Of the entire group of 207, 32 percent (66) died
while on the device. Sepsis was the cause of death in 33 percent (22 of 66) and multiple organ
falure in 32 percent (21 of 66). The neurologic complication rate was 5 percent for stroke and 4
percent for trandent ischemic attack. The Symbion Jarvik device had the best overall
performances of the eeven TAH variations.

Since 1993, surgeons at the University of Arizona have been the principa investigatorsin atria
of the pneumatic Cardio West TAH (formerly known as the Symbion Jarvik-70) conducted
under an Investigationa Device Exemption (IDE) from the FDA. Theintent of thisdeviceisasa
bridge to transplantation. Of thel14 patients worldwide that have recelved thisdevice asa
bridge, 24 have been at the University of Arizona and permit the most complete analysis. Of
these 24 patients, the mean duration of device use has been 53 days ranging from 3 days to 186
days with one patient on the device for 42 days at the time of this report. Nineteen have been
trangplanted (79 percent of the total, 83 percent of those not currently on device support). All
nineteen trangplanted patients are surviving. Twenty of the total group of 24 (83 percent) are
alive and 4 (17 percent) have died. One death occurred on the 124 th post-implant day due to
device failure. A second degth occurred a 22 days following device implantation in a patient
who could not be weaned following coronary revascularization. The patient died of sepssthat
dated to the time of implantation, when there was a postive culture of gram negative bacteria
from the mediastinum. The third death was a 3 days post-implantation from multiple organ
failure present at the time of implant and not reversed. The fourth desth resulted from a problem
with a centra venous line that migrated across the right-sided inflow valve, freezing the disk ina
closed position.

During the total 1274 patient days at the University of Arizona, there have been 4 episodes of
bleeding, dl occurring during the first post-implantation week. The most frequent complication
has been infection, with atotal of 40 instances: 13 upper respiratory, 7 urinary, 6 driveline, 5
related to decubitus ulcers, 2 mediagtind (both in the patient dying of sepsis), 2 gastrointestingl,
1 bronchid, 1 digitd (of the great toe), 1 ord, 1 vagina, and 1 a a cut-down Site.

There have been 13 neurologic events; 7 TIAS, 2 strokes, 1 anoxic encepha opathy, 1 retinal
hemorrhage, 1 syncope, and 1 seizure. Clinica manifestations of the strokes have resolved.

Evidence is thus accumulating to indicate steadily improving outcomes and efficacy of the TAH
in providing a bridge to trangplantation for patients that would not otherwise be satisfactorily
managed.



[1l. STATE OF DEVELOPMENT OF DEVICES CURRENTLY SUPPORTED BY NHLBI
CONTRACTS

The NHLBI has been supporting ventricular assist systems for more than 22 years and total heart
replacement systems for 11 years through the contracting mechanism. Currently, 8 contracts
exig which will terminate in September 2000; two contracts in tota heart replacement, Sx in
ventricular assst systems.

Total Artificial Heart Contracts

Two contractors are in the final stages of their research and development activities to
demondtrate reliability and performance of TAH designsthat evolved over a severd year period.
Thedesign god isfor 5 years of failure-free performance. In vitro studies are conducted with the
TAH inamock circulatory loop with the god of running 8 systems for 2 years without failure.
Animd dudies are conducted in caves to achieve 24 anima-months of falure-free operation.
The NHLBI monitors these activities with the advice of a Data Review Board. The experiments
performed under gtrictly supervised protocols are intended to quaify systemsfor clinica udies,
and both contractors are in the process of preiminary discussons with the FDA with the am of
seeking an IDE within the next 2 years.

1. Pennsylvania State University

This program has a higtory dating to 1970. In 1976 there was limited patient application of a
pneumatically driven device that evolved into the current Thoratec model. The program at Penn
State, in conjunction with 3M/Sarnes Hedlth Care, reoriented the device to one that is dectrically
driven with right and left sac-type blood pumps that are alternately compressed by a pusher
plate. An intringc mechanism compensates for the right and left flow imbaances. The deviceis
totaly implantable. It is powered by inductive coupling of eectricd energy across the intact

skin. At the time of the beginning of the current contract period, 90-day pilot durability studies
had been conducted and there were some design dterations yet to be made. During the current
contract period, the design has been frozen and extensive in vitro studies have been conducted.

In the period from November 1993 to November 1996, a developmental version of the device
was implanted in twenty animas. The duration of support varied from 2 daysto 160 days (mean
36). Device problems were the reasons for termination in eight instances and prompted changes
in device design or fabrication in seven. Respiratory complications were responsible for
termination in five and contributed in three. Sepss was the primary cause of degth in three; one
of these was associated with respiratory insufficiency. There were two thromboembolic strokes,
one associated with sepsis as the cause of death.

From November 1996, the design has been frozen and through November 1998, prototype
devices were implanted in Sx animals. One failed due to asurgical problem with fitting. One
faled a seven days with sepsis and multiple organ failure. Two were discontinued the day of
implantation due to device dysfunction; another a 34 days for poor pump performance in the
presence of bleeding. One functioned for 88 days without event and was explanted according to
protocol at that time.
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2. Abiomed, Inc.

The Abiomed program began in 1988. In the decade since initiation, multiple variations of
design and materiads have matured to the rdiability testing phase. The device, initsfind design,
istotally implantable. It has an dectrohydraulic energy system placed between blood pumps,
which fill and empty dternatdly. An intringc mechanism adjugs |eft-sded volume to
compensate for the discrepancy between right and left output requirements. Energy is provided
by trans-cutaneous transmission.

During the period between November 1993 and November 1998, fifty-seven anima studies have
been undertaken. Twenty-two of these did not involve the totaly implanted unit. The thirty-five
studies employing the complete system between February 1996 and November 1998 have been
in the current contract period. Considering the entire group, 36 of the 57 studies lasted less than
ten days. The termination cause was overwhelmingly anima-related (26 of the 36). Device
problems accounted for 10 of the 36. In contrast, in those 21 studies extending more than ten
days (ranging 11 to 108 days), device problems caused termination of 14 (14 of 21); anima
causes accounted for 6. One anima was dectively terminated at 61 days. Many of the device
problems have led to changes in device design or fabrication. The investigators have concluded
that animal problems are manifest in the firgt three weeks, beyond which surviva is governed
more by the device.

Both the TAH contractors have completed an andlysis of the design and manufacturing problems
that have caused system failures. Corrective action plans were devel oped and reviewed by an
independent, non-federd Data Review Board. This board approved the plans and the contractors
are implementing the design, manufacturing, and quality control procedures that needed

corrective action. New systems will be manufactured and rdliability testswill be restarted in the
fal quarter of 1999.

Innovative Ventricular Assist Systems Contracts

Six contracts were awarded in 1996 for 5-year research and development efforts to design and
test ventricular assst systems that have the potentid to provide sgnificantly improved
performance with reduced size and high efficiency, over currently available sysems. These
systems are intended for long term use, i.e., exceeding 5 years.

1. Nimbus, Inc.

In conjunction with the Univergty of Fittsburgh, an axid flow pump is being developed and
tested. It has ceramic bearings and is lubricated by the plasma. It will be able to ddliver either
pulstile or non-pulsatile blood flow. The design is complete and animd experiments ongoing
for more than a year demongtrate thrombus-free operation. Computer Smulation studies are
continuing a Pittsburgh to improve agorithms for controlling motor speed. Preparations have
begun for a pre-IDE submission to the FDA.
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2. Cleveand Clinic Foundation

In collaboration with the Ohio State University, a centrifugal pump with blood lubricated
bearings ddivering non-pulsatile blood flow has been developed. It is driven by a specidly
designed moator that should be highly efficient and smdl in Sze. Short duration animd implants
are being conducted to evauate thrombus formation.

3. Trangcail Inc.

In collaboration with the Texas Heart Indtitute, arotary blood pump is being developed and
tested. The pump is placed within the left ventricle through the gpex. The bearings are lubricated
by blood. It delivers either pulsatile or non-pulsatile blood flow. Many anima experiments have
been conducted and design changes continue to be made on the basis of these experiments.
Severa month studies in animals have demongtrated thrombus-free operation.

4. Abiomed, Inc.

Collaborating with the Columbia Presbyterian Medical Center, N.Y ., apump is being developed
which isahybrid of biologic augmentation and mechanical assstance in such away asto
eliminate blood contact with artificid surfaces, thus avoiding any thromboemboalic effects. An
innovative mechanism is being developed that wraps around the left ventricle and is energized to
as3g in the contraction of the heart. Anima experiments are ongoing demondtrating minimal
myocardid damage.

5. Whaen Biomedicd, Inc.

In collaboration with the University of Utah, a muscle powered heart assist system not requiring
an externa power source is proposed. Skeletal muscle, trained to behave smilar to cardiac
muscle, iswrapped around the heart and provides mechanical assstance. Animd studies indicate
that good performance is obtained without damaging the myocardium.

6. Pennsylvania State University

The group has developed an improved dectromechanicad ventricular assst system with long life
bearings and an adaptive control technique to ddliver pulsatile blood flow. Thisdeviceisan
extenson and improvement over adesign that has been in use for many years.

V. NEED OF TREATMENT FOR END STAGE CARDIAC FAILURE

The scope of the population for whom permanent mechanica circulatory support might be
considered has been estimated by the IOM study (1991) and the NHLBI workshop (1994). Based
largely on prevalence of heart failure diagnosis per decade of life and the population density by

age, the IOM panel proposed that by 2020 there would be between 35,000 to 75,000 candidates
yearly, dependent on such factors as the efficacy of the device, third party sponsorship and age
consderations. This estimate assumed a wearable device would become available in 1997. Heart
falure with rdaively preserved gection fraction, which accounts for over hdf of heart fallurein
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patients over 65, is associated with better cardiac output and prognosis and thus rarely serves as
an indication for mechanica support, athough symptoms, hospitalizations, and resource
utilization are often Smilar to those in patients with low gection fractions. An unknown number
of patients will be excluded due to mgjor comorbidities: for this reason this pands estimates that
many of the patients over 80 years of age would be excluded. Assuming that most of the 1
million hospitdizations rdated to heart failure occur in patientswith NYHA Class 111 and IV
heart failure, and that there is a 40 percent rate of rehospitalization within the next year, one can
estimate that there will be 350,000 patients under 80 years old with limiting symptoms and low
gection fraction. A comparable estimate of 250,000 has been made for the prevaence of
advanced heart failure, defined as the presence of |eft ventricular gection fraction <30 percent
with persstent or recurrent symptoms limiting daily life (Class 111 and 1V) despite use of
currently available medications (Report of the Task Force on Research in Heart Failure, 1994
NHLBI). Many of these patients would be expected to respond to ingtitution of currently
available aggressve thergpies for advanced heart failure, after which the population with
persstent Class |1l to IV symptoms would be diminished.

Currently available therapies for patients with advanced heart failure include angiotensin
converting enzyme (ACE) inhibitors at target doses based on mgor trids or as tolerated,
diuretics to relieve congestion resulting from fluid retention, and digoxin to improve functiona
gatus and reduce hospitdization. Recent randomized clinicdl trids show asurviva benefit of
beta-adrenergic blocking agents in addition to ACE inhibitors, diuretics and digoxin in Class |
and 11 heart falure patients. Also, arecent randomized clinical trial demongtrates a survival
benefit of spironolactone in addition to ACE inhibitorsin patients with severe heart failure.
However, beta-adrenergic blocking agents are currently contra-indicated for patients with Class
IV symptoms or recent clinicd ingability, in whom these agents can precipitate dangerous
decompensation. Such patients often require individualization of thergpy, which can include
combinations of ACE inhibitors, nitrates, hydraazine, angiotensin-receptor antagonists, and
additiond diuretic agents such as spironolactone, which may have other beneficid effects. There
is current debate regarding the vaue of hemodynamic monitoring to re-design therapy when
severe hemodynamic decompensation is persstent or recurrent. Trias of inotropic agents have
uniformly been shown to increase mortaity. Clinics have arisen to provide intermittent or
continuous outpatient infusons of the same drugs, in the absence of data indicating efficacy or
safety. Although there are differences in the details of medica therapy provided, thereis broad
consensus that a critical component of advanced heart failure management is enrollment into a
program providing education, activity prescription, and regular telephone contact.

It isdifficult to estimate the population of petients with low gection fractions who would fail to
respond to the best available heart failure management. The most thorough trids of such therapy
suggest 10 to 30 percent of patients may have “refractory heart failure’ for atotal population of
35,000 to 105,000 in the United States. These numbers, however, depend on the referral
population and apply largely to potentid trangplant candidates, who are younger and have fewer
comorbidities than the typica patient in whom permanent circulatory support would be
employed. A different approach derives from the number of desths attributed annudly to causes
which could have been prevented by transplantation, i.e., gpproximately 50,000 for patients
under 65, with a doubling for every 5-year age increase (Evans). It is not possible to determine
how many of these desths could have been predicted in time to be averted by mechanical support
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devices. Congdering the disparate assumptions, these estimates are remarkably concordant and
establish aworking order of magnitude of 100,000 current candidates for long term mechanical
assig.

The prevdence of refractory heart failure with low gection fraction cannot be equated to the
population in whom mechanica assist devices could be implanted. Thereis no information on
how the comorbidities that render patients ingligible for trangplantation impact device
placement. Little is known about the rates a which heart falure patients move through diagnosis
and deterioration prior to irremediable organ system failure. Such rates of flux would determine
the steedy state pool of mechanica support candidates, which could be smaller than the current
edimates. Rates of flux into this population could in the future be diminished by increasing use
of thergpies, which may limit progression from mild heart failure to advanced heart faillure. On
the other hand, improved abilities to identify individuas susceptible to sudden degth or the
development of therapies to decrease sudden degth in patients before and during deterioration
may increase entry into this population. Once the quality of life has become intolerable,
development of drugs offering symptomatic improvement while diminishing survival might
apped to some patients who would otherwise consider mechanica support.

V. THERAPIES FOR END STAGE HEART FAILURE THAT IMPACT ON NEED FOR TAH
Allotransplantation

Cardiac transplantation has established its effectiveness for the treatment of end-stage heart
falure. The 85 percent immediate survivors, 65 percent five-year survivors and 40 percent ten-
year survivors generaly have good functiona capacity. Currently, transplantation is strikingly
limited by the supply of donor hearts, which number approximately 2500 yearly inthe U.S.
Thereisno optimigtic vision for increase in donor organs in the near term.

Surgical Procedures

Surgica procedures currently offered or under clinica investigation are unlikely to substantialy
diminish the population of patients suffering refractory heart failure with low gection fraction.
Left ventriculectomy has not led to meaningful dinica improvement in the mgority of patients
and has been abandoned in some centers. In the absence of clear benefit, cardiomyoplasty isho
longer under active clinicd investigation. After routine options for revascularization have been
exhausted, adjunctive therapy with growth factors or transmyocardia laser boring may be
offered in investigationa protocols, but these to date have excluded patients with severe left
ventricular dysfunction. Mitra valve repair or replacement for regurgitation secondary to heart
failure has been encouraging in smal numbers of patients, but has not yet been gpplied in larger
heart failure populations.

Xenotransplantation
It can be envisioned that the utility of biologica replacement could be strikingly enhanced by the

use of non-human hearts. Although clearly feasible from atechnica perspective,
xenotrangplantation of the heart faces three sgnificant hurdles. Thefird istheimmunologica
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response of the hogt againg the graft. Recent years have brought new information regarding the
molecular basis of thisimmune response and the development of new thergpeutic strategies
including the gpplication of genetic engineering of large animas for deding with these
immunologica responses. Still, complete control of the rgection process has not been achieved.
Permanent cardiac replacement through xenotransplantation cannot be anticipated, even on an
experimentd basis, in the next severd years. If genetically engineered animals were to be used,
widespread application would require further years for production of gppropriate stock. The
second hurdle is the possibility that the anima heart, particularly the porcine heart, would
function inadequately when transplanted into a human. Few data are available to address this
question. Y et recent studies have suggested thet for at least a period of days to weeks, the
porcine heart can in fact provide reasonable physiologica function in nonhuman primates. Were
the physiology of the xenotransplanted heart proven to be limiting, further manipulations,
perhaps including genetic engineering, might be applied. The third hurdle is the possibility of
trandferring infectious organisms from the source anima to the recipients and from the recipients
then more broadly in society. There are currently effortsin anumber of laboratoriesin the
United States and abroad focused on identifying organisms that might pose arisk savere enough
to make xenotrangplantation a public hazard. Currently these efforts focus on an endogenous
retrovirus of the pig. Evidence of an agent being trandferred to humans has yet to be found.

Despite these rather daunting hurdles, there is guarded enthusiasm that xenotransplantation will
eventualy be applied for cardiac replacement. It ismogt likely that the early gpplication will be
as atemporary messure such as a bridge to homotransplantation. This gpplication might impinge
on the need for temporary mechanical support but not on the need for long-term mechanica
assistance or replacement. It is seen as an important step to verify current knowledge regarding
the immunology, physology, and infectious disease questions, and in identifying other
unforeseen problems.

The two technologies of xenotrangplantation and the TAH are not necessarily mutualy
exclusive. If xenotrangplantation were to be gpplied widdly, it is probable that a certain fraction
would fail immunologicaly. An dternative to transplantation might then be needed for a
sgnificant number of patients given the empirica observation that immunologicd falure or
regection of any transplant increases the risk of subsequent regjection of atransplant.

In the light of dl of these consderations, it is unlikely that xenotransplantation will achieve
widespread gpplication in less than five to seven years and should not be seen as dterndive to
the TAH.

Cdlular Transplantation

The past decade has brought significant advances toward the application of cellular
transplantation in the treetment of cardiac disease. The overdl| approach generdly taken isto
inject myoblasts derived from cardiac or skeletd muscle into affected myocardium. The
transplanted myoblasts mature and then take on the function of cardiac myocytes augmenting
myocardid function. Functiond effects have been seen in smadl animas and there is no reason to
think that this technology could not eventudly be gpplied in the dinicd setting. The extent to
which this type of thergpy can augment cardiac function under optima conditionsis not known.
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Nor isit clear whether this type of thergpy could be broadly applied for the treatment of cardiac
falure. One limitation may be the ability of myoblasts to implant in damaged tissue. Another
uncertainty is the extent to which cellular transplantation can effectively treet diffusely damaged
myocardium.

If myoblast trangplantation holds promise, asignificant question would be the source of
myoblasts which could be used for augmentation of myocardia function. Under idedl
circumstances the cells would be taken from the individud to be treated. It is uncertain whether
such cdls could be isolated from skeletd muscle of older individuas. On the other hand, it may
be possible to generate differentiated muscle cells from a variety of mesenchyma or other sem
cdls. There isthe posshility that human or anima cdls could be used; the immunologica
hurdles to cdllular xenotransplantation appear to be lower than those of whole organ transplants.

Organogenesisand Tissue Engineering

Recent advancesin cdl and developmentd biology and in the isolation of stem cdlls has
encouraged the view that certain tissues and even organs might one day be produced
“atifidaly”’. The gpplication of thistechnology varies widdy in difficulty. While the
development and gpplication of such tissues as skin and cartilage can be anticipated in the next
severd years, application for replacement of organs with acomplex structure such as the heart
would seem to be only a distant prospect.

VI. ROLE OF TAH IN TREATMENT OF END STAGE HEART FAILURE

Although the rather consistent estimates are that at least 50,000 and perhaps as many as 100,000
patients yearly might benefit from mechanica cardiac assstance, there has been no consstent
edimate as to how many might bein need of a TAH. There is no evidence that imminently
available technologies will dramatically decrease the need for mechanicd assstance, or TAH in
particular. However, as more mechanica support devices have become available, it is il
uncertain how the correct device should be selected for each patient. The initial impression
derived from post-cardiotomy experience was that biventricular support would be required for a
majority of patients, reported by some centers to exceed 50 percent. More recent experience
indicates alower need for biventricular support in chronic heart failure, which may reflect in part
differencesin chronic heart failure and acute post-cardiotomy shock, and aso the benefit of
wider use of nitric oxide to reduce pulmonary vascular resstance. The current need for
biventricular support when mechanical assst devices are used in chronic heart failureis
estimated to be 10 to 20 percent, with adightly higher proportion of patients post-cardiotomy
and pogt-infarction who will be best served by replacement with a TAH.

Despite the prevadence of biventricular failure in patients with chronic heart failure, some, a
least in the short term, now demongtrate resolution of severe heart failure symptoms with left
ventricular support done. The long-term persistence of this improvement is not yet established.
It is not known how many patients are consdered indigible for isolated |eft ventricular support
due to predominant right ventricular compromise, intrinsic valve disease, smal |eft ventricular
cavity 9ze, complex congenita anatomy and other factors. There isdso insufficient information
regarding the long-term success of LVAD placement in patients with ongoing ischemia or
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arrhythmias, dthough there are reports of progression of these conditions limiting the efficacy of
the LVAD.

Long-term LVVAD support is dso frequently associated with severe systemic hypertension that
could possibly be related to the nature of the isolated left-sided unloading.

Although it is not possible to determine & this time exactly how often tota heart replacement
would be required annudly in the approximately 100,000 patients currently demonstrating
refractory symptoms of heart failure with low gection fractions, 5 to 10 percent (or 5,000 to
10,000 patients) would represent a conservative estimate. As discussed above, lessis known
about the population fluxes that would contribute to the steady state population of potentia
recipients once the TAH became available.

VIlI. REMAINING OBSTACLES TO ATTAINING GOAL OF CLINICALLY USEFUL TAH

Many of the obstacles remaining to successful implementation of the TAH are Smilar to those
experienced with VADs. While considerable strides have been made in design of the TAH, two
main obstacles to clinica success sem from the continued thrombogenic nature of the materids
employed in the devices, coupled with design limitations that continue to require percutaneous
lines. However, the newer devices are being designed without the need for a percutaneous lines.
The surface thrombogenicity necessitates systemic antithrombotic therapy with the attendant risk
of hemorrhage. Mgor remaining clinical complications with the TAH include infection,
hemorrhage, end organ failure, thromboembolism and device dysfunction. Mgor causes of death
with current TAH designs include sepsis, multi-organ failure, neurologica desth most likely due
to thromboembolism, hemorrhage and problems with devicefit. Thereis adelicate baance
between hemorrhagic sequelae and thromboembolism that can be modulated by the
antithrombotic thergpeutic regimen, which remains to be optimized for most devices.

Thromboembolism

Thromboembolismin VAD and TAH recipients is thought to result from biomaterid surface-
induced thrombus formation with systemic embolization. Considerable progress has been made
in the development of materids with improved blood compatibility, but no materials developed
to date are completely blood compatible and surface-induced thrombosis remains area concern.
Some devices employ atextured surface, which at first appears counter-intuitive. However,
while the roughness of such surfaces encourages fibrin deposition and platelet adhesion, the
development of an adherent pseudointima so formed may be less prone to embolization than
thrombi forming on smooth surfaces. Indeed, the use of these textured surfaces has decreased
thromboembolism from approximately 20 percent of patients (range 8 to 35 percent) to 0.01
events per patient-month (2.7 percent). However, optimism regarding the improvement in
thromboembolism should be tempered by the fact that thromboembolism may be underestimated
when only clinicaly evident events are recorded. The true thromboembolic rate may be higher as
techniques such as transcranial Doppler detect microemboli in 34 to 67 percent of patients. Other
features of device design that may encourage thromboembolism include non-physiologic
hemodynamics and the increased heat caused by the device operation.
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Macroscopic thrombi are commonly seen in VAD/TAH devices at explantation, but this has
recently been improved by changes in device design. Clinicaly evident thrombosisin

VADI/TAH recipients is mogt often cerebra thrombosis (20 to 47 percent), but israrely fatd and
the neurologicad symptoms are often transient. Non-cerebral emboli are seen in a much lower
percentage of patients (gpproximately 9 percent). These are most often seen in the spleen and
kidney and are usudly subclinical. In one study, the occurrence of thromboembolism did not
correlate with the duration of support or the adequacy of anticoagulation. However, platelet
function was not monitored.

Antithrombotic thergpy is conddered essentiad to prevent thromboembolism with many of the
current TAH/VAD designs. However, thereis little agreement on anticoagul ation protocols. A
notable exception is seen with VADs utilizing textured surfaces, where antiplatelet thergpy done
has been used with success. While use of antithrombotic therapy is generdly employed, thereis
agreat variability between centersin the use of antiplatdet vs. anticoagulant drugs, variahility in
implementation protocols and drug timing, and variability in whether hemogtatic monitoring is
used. There are few objective, prospective trids of antithrombotic therapy in this population on
which to make recommendations. Part of the reason for the lack of clinical tridsisthe
continualy changing device desgns, the rdativey smdl numbers of devicesimplanted per
center, and variability in the clinica use of anticoagulant thergpy between centers.

Many of the newer device designs utilizing textured surfaces do not require the use of long-term
anticoagulant therapy, but utilize antiplatelet therapy aone. In the TAH/VAD designsthat do
require some form of long-term anticoagulation, even though antithromboatic therapeutic
regimens vary, heparin or dextran sulfate often is used in the early postoperative period once
chest tube drainage decreases to acceptable levels, with cross-over to coumadin once the patient
can ingest ord medication. Antiplatelet medications, such as aspirin, dipyridamole, clopidogrel

or ticlopidine, are sometimes used, with occasiond centers utilizing pentoxifylline. Many of

these anticoagulant and antiplatelet medications are given empiricaly. Coumadin therapy is
usualy monitored by the PT/INR, with a suggested therapeutic range of 2.5— 3.5, which was
derived empiricaly. Antiplatelet therapy isrardly monitored by objective techniques.

One prospective study of a centrifugal VAD compared standard heparin thergpy to a multi-drug
antithrombotic regimen (La Fitie Pratocol) with functional monitoring of hemodttic inhibition.
The investigators found a marked decrease in bleeding (from 81 to 9 percent) with the multi-
drug regimen without a concomitant increase in thromboembolic events. Other sudiesdso
suggest that monitoring of coagulation and platelet function may decrease bleeding risk. Due to
the ddlicate balance between bleeding and thromboembolism with both antithrombotic therapy
and variability in basdine hemodatic integrity, there may be a benefit in adapting antithromboatic
therapy to individud patients.

Thromboembolism may aso occur for reasons gpart from the device itsdf. In patients receiving
auniventricular VAD, persstent arid fibrillation and thrombodis in the native ventricle due to
poor contractile function may occur. Another potentially devastating, but rare cause of
thrombosisin VAD/TAH recipients who are receiving heparin thergpy is paradoxicd thrombos's
due to Heparin Induced Thrombocytopeniaand Thrombosis (HITT). HITT is caused by an
immunologic response to heparin complexed with platdet factor 4 and is manifested by
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progressive thrombocytopenia while on heparin. In some patients HITT is associated with
potentidly lethd arteria or venous thrombosis. HITT has been reported in occasond VAD
recipients and may necessitate cessation of heparin therapy. Alternative antithrombotic therapies
include dextran with expedited conversion to ora anticoagulants, the heparinoid danaparoid, and
arecombinant hirudin, lepirudin. Both danaparoid and lepirudin may be problematic during
cardio-pulmonary bypass (CPB) if the patient is eventualy transplanted because danaparoid
cannot be monitored by activated clotting time (ACT) nor reversed by protamine sulfate and
protocoals for lepirudin use during CPB have not been established.

Hemorrhage

Perioperative hemorrhage occurs in about one third of patients recelving the TAH and remains a
sgnificant clinica problem. Bleeding is usudly observed in the perioperdtive period or in the
early postoperative period. Up to 50 percent of patients with VVADs require reoperation for
bleeding, athough the operative use of the fibrinolytic inhibitor gprotinin may decrease both
postoperative blood loss and the need for blood product transfusion.

The causes of hemorrhage in TAH recipients are protean and are associated with preoperative
coagulopathies due to hepatic dysfunction or poor nutritiona status, cardiopulmonary bypass
(CPB)-induced thrombocytopenia or platelet dysfunction, and prolonged antibiotic therapy. This
may be accentuated by the necessity of using antithrombotic thergpy in some device recipients
due to activation of both the coagulation cascade and platelets following exposure to the
artificia surfaces of the device together with turbulent blood flow. In generd, bleeding may be
more of aclinica problem in patients who receive the TAH emergently following failed cardiac
surgery with extended CPB or those supported for prolonged periods with extracorpores
membrane oxygenation. Conversaly, the risk of bleeding islower following shorter surgica
implantation procedures. Bleeding may aso be a sgnificant problem during device explantation
due to extensve adhesions.

Hemorrhage remains a significant cause of death in recipients of both VADs and TAHSs.
However, even if hemorrhage is not life threatening, it often necessitates blood transfusion. The
transfused erythrocytes may be more prone to hemolysis by the device, and the increased
hemolysis can lead to rend failure. The transfused granulocytes can aso lead to
aloimmunization, which may be adinica problem during subsequent heart transplantation.

I nfection

Infection remains amgor cause of death and morbidity in TAH/VAD recipients. Infection is
seen in 25 to 48 percent of VAD recipients and gpproximately 37 percent of TAH recipients.
Infection during VAD implantation has been associated with a decreased probability of surviva
when used as a bridge to trangplantation. Successful treatment of the infection may prolong the
time to transplantation but does not gppear to precludeit.

In arecent dinicd study of the TAH, infections were most commonly noted gpproximeately

seven days post implantation, but infectious complications can be observed weeks to months
after implantation. Mogt infectious complications are related to the device and often the use of
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percutaneous drive lines has been implicated. Few clinical data are available from totaly
implanted devices, but the anticipation is that eimination of the trans-cutaneous connection with
the totally implantable TAH will diminate ascending infections. Drive-line related infections

have included locd infections as well as bacteremia and fungemia. Other device-related
infections included abdomina pocket infections, colonization of surface-induced thrombi, and
direct bacteria colonization of the device lining materids. The principa pathogens associated
with device infection have been Staphylococcus aureus, Staphylococcus epidermidis, Coagulase-
negative staphylococci, Enterococcus faecalis, Enterococcus faecium, Serratia marcescens, and
Candida species.

Device recipients dso may be susceptible to nosocomia infection due to long hospita stays,
prolonged immobilization, and multiple intravascular catheters. In this regard, pneumonia and
urinary tract infections have been reported. Recipients that receive aVAD dfter afalled cardiac
transplant may be especidly susceptible to infection due to their immunosuppressed Sate.

Prevention of infection in TAH recipients may, of necessity, be multifactorid. Elimination of
trans-cutaneous lines promises to decrease ascending infections. Decreased thromboembolism
may decrease infection by preventing thrombi, which can be a source for bacteria colonization.
Changesin patient management may also be ussful to decrease infections and may include gut
derilization, avoidance of central and arterid lines, and use of ord prophylactic antibiotic
therapy. Some preliminary evidence, demongtrating reductions in CD4+T helper lymphocyte
countsin recipients, potentidly implicates device surfaces as afactor in dtering immune
competence. Thisfinding is of uncertain dinica sgnificance, but warrants validation and further
invedtigation.

Multiple Organ Failure

Multi-organ failure has been reported to be the most common cause of deethin aclinical TAH
Sudy, where it was observed in 10 of 12 patients who died (83 percent). Multiple organ failureis
most likely due to the selection of patients receiving a TAH. Mogt instances of multi-organ
failure are thought to be due to poor perfusion and early end organ dysfunction prior to
implantation in patients in cardiogenic shock for whom the TAH was alast resort. This clinical
obstacle should be lessened with improved patient selection and employment of the TAH before
end organ dysfunction ensues.

Device M alfunction

Device mdfunction is now reaively uncommon but is seen in gpproximeately 4 percent of
patients. The type of mafunction varies with the design of the device but is most often due to
controller mafunctions. Occasiona device failures have been due to vave dysfunction, drive
line kinking and connector failure with loosening of the outflow conduit. TAH data from animd
studies suggest that blood sac cdcification may be alimiting factor to survivd, but thismay be a
feature of using the rapidly growing caf asan anima modd.

Correct fit of the device in the patient’ s thoracic and abdomina cavities is an important
consderation in preventing device mafunction. Fit complications can be manifested by
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compression of the inferior vena cava or pulmonary veins. Most current devices are designed for
patients with abody surface area> 1.5 n? . In addition to measurement of body surface areq, it
has been suggested that the anterior-posterior dimension of the thoracic cavity may dso bea
useful indicator of device fit. Further improvements in device size may alow employment of
TAH devicesin smdler women and in children.

Other Obstacles

Infrequent complications of TAH/VVAD implantation include hemolysis, anemia, chronic
hypertenson, and early satiety. Hemolys's, acommon problem with centrifuga ventricular assst
pumps, isinfrequent in current TAH designs.

VIIl. ECONOMIC, QUALITY OF LIFE, AND PUBLIC POLICY CONSIDERATIONS OF
INTRODUCING TAH

Economic and policy consderations related to the TAH were reviewed in detail in the Ingtitute

of Medicine Report and in the NHLBI 1994 review of the TAH. Both of these reports provide an
outstanding discussion of ethica and policy issues related to the development of the TAH. Given
the limited scope of this review, these issues are not discussed in detail again. However, it was
the conclusion of the pand that the excellent discussons and ingght in these two previous

reports be reconfirmed in this review.

Severd specific issues were discussed during the pand meetings, which complement the

previous work. Given the potentid for implementation of the TAH technologies within the next
decade, data need to be developed for severd specific policy decisions that will have to be made
by the Hedlth Care Financing Administration (HCFA), by the Department of Hedlth and Human
Services (DHHS), and by private insurers. As with previous reports, these concerns fdl into the
domains of access, technology assessment, patient decision making and qudlity of life. Each of
these will be discussed briefly.

In terms of access, it is expected that HCFA, through the Medicare program will be one of the
major payersfor the TAH. Current expectations are that the device itsalf will cost an estimated
$75,000. Costs for implantation of the device, as well as subsequent follow-up medicd care, are
not known with certainty at the current time, but may add an additional $50,000 to $150,000 to
thefirst year cogt of this treatment. The absolute magnitude of these expenditures aswdl asthe
potentid Sze of the population that may be impacted by this technology suggests that HCFA
begin to consgder how coverage decisions would be made, what type of treatment guideines
might be implemented or provided, and how access to the technology can be assured for the
broad range of Medicare beneficiaries. The ability to develop specific clinica criteriato help
identify those most likely to benefit from this technology is absolutely crucid. Theincreasing
indications for and employment of implanted wearable out-of-hospital ventricular assst devices
should be a stimulus to develop a comprehensive regisiry for cardiac assist devices that would
track risks, efficacy and cogts. Thisinformation is an essentid first ep in developing policy in
thisarea
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One mgor contributor to the cost of the technology is the potentid liability of the device
manufacturer as well as suppliers developing specific components for TAH technologies. One
important issue to explore is whether limited ligbility relief for these manufacturers could result

in cogt savingsto HCFA. The program staff at the NHLBI are to be commended for their efforts
to consider the cost of the device in the development of the technology. Further, the NHLBI has
specificdly fostered an environment where multiple companies are involved in the devel opment

of these technologies to try to foster competition in order to control the cogts of the technology in
the marketplace. However, specific issues related to technology transfer and the price of the
TAH for individua consumers, or the Medicare program, should be explored further in light of
the recent public concern about the market price of cancer drugs originally developed through
the National Cancer Ingtitute.

The second mgor issue is the role of technology assessment in helping to inform public policy
related to the decison of whether or not to provide coverage for the TAH under standard benefit
packages. The IOM report, as well as the 1994 NHLBI review, commented on the use of cost
effectiveness analysis or cogt utility andlysis as an gppropriate tool for informing these decisons.
This pand did not review these condgderationsin detail but, instead, acknowledged that it was
the responsibility of the payers to make decisions about coverage or benefit programs, and was
not within the current mandate of the NHLBI to consider payment issues when deciding whether
or not to pursue the development of a specific technology. However, given theincreasing
financia pressures on the Medicare program, there might be a need to consider the implications
of this policy a ahigher leve of the DHHS.

The third issue discussed was patient acceptance of the technology. Here the pand fdlt thet there
was a tremendous wedlth of experience that has been gained in recent years in terms of
understanding the use of implantable cardiac devicesin patients through both the |eft ventricular
assis device, and the implantable cardiac defibrillator. Specific issues that will need to be
clarified for individud patients conddering the use of the TAH are the potentid life Syle
implications of the technology and the potentid for terminating the use of the technology. Given
the development of sophisticated patient decision making tools using video or computer
technologies, and given the complicated consent process that would be envisioned for this
technology, it is recommended that the NHLBI directly support research in these aress.

Thefind item for the discusson for this section of the report is the quality of life assessment of
the TAH. Here, theissues are functiond ability of individud patients who received the device,
the potentia for catastrophic failure of the device and the impact of this knowledge on patients.
Research exploring qudity of life for patients with mechanica devices has begun with the left
VAD,; however, amuch more comprehendve assessment of qudity of life will be required to
fully understand the impact of these technologies on individud patients.

IX. ROLE OF GOVERNMENT IN FURTHER RESEARCH AND DEVELOPMENT
The commitment of NHLBI fundsto the artificia heart program has dways evoked the
consderation as to whether it fit under the rubric of research or development, and, if the latter,

whether it is an appropriate alocation for finite NHLBI resources. The deliberations of this pane
did not result in a consensus resolution of these questions. The panel gppreciated that an
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investment has been made in TAH technologies and that the products of the effort have been
consderable quite gpart from the progress that has been made towards production of aclinicaly
useful long-term implantable device. The contemporary state of VADs s informative as an
example of the benefit of this research program. VADs are now being employed extensively,
athough in mogt ingtances under investigationd protocols.

All of these devices have achieved their present potential as aresult of NHLBI support.
Arguably, they would not have progressed to the current state without that support. Now, as
feaghility of the VAD concept is established and commercidization isimminent, it is judged
appropriate that investigators and private firms identify non-federal support for the continued
development and commercidization of these technologies. However, the federd government
gl has an important role in ensuring access to this publicly funded technology by negotiating
technology transfer agreements that ensure a reasonable price for consumers while providing an
gppropriate return for technology devel opment companies.

The pand uniformly endorses public support to bring the TAH to a comparable sate of
development. Once the proof of the concept of the TAH has been established, public support
would seem gppropriate only for innovations or new gpproaches that receive peer review support
and provide sufficient expectations for public good to merit public investment. Federd effortsto
ensure broad accessto the TAH are required as well asfor the VAD.

X. RECOMMENDATIONS

The panel recommends that the two TAH programs be supported through the stages of readiness
teding, in-vivo animd verification and dinicd trids

The pand concludesthat, asin previous reviews, alarge population exists that could benefit
from mechanica replacement of the heart. Recent increased gpplication of ventricular assst
suggests that this modality will be adequate for a portion of over 100,000 annual candidates but
will not be applicable to 5 percent to10 percent that would be well served by aTAH. There are
no other emerging therapies that can fill this need. The clinica experience with the use of VADs
aong with the progress made in TAH development supports the proposition that aclinicaly
effective TAH is an achievable objective.

A specific leve of funding is not determined but is judged to be comparable to the current leve
with the conviction that the current private subsidization should increase as commercidization
approaches. The pand ardently believesthat a the clinical trid leve, hedth care funding
agencies, public and private should shoulder their responghbility in funding those cods that
directly relate to the trestment of the illnesses of the patients involved. The pand urges that the
protocol for in-vivo anima verification be competible with a protocol that would satisfy the
FDA for issuance of an IDE for clinicd trids. The pand aso urges the establishment of a
national obligatory registry, with oversight by NHLBI, for the collection of data from patients
with VADs and TAHs s0 as to provide ameans of assessing the physiologic, economic and
socid implications of this technology.
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Reviewing this program on the eve of its potentia trangtion to the dinicd trid setting has
highlighted the importance of questions raised in earlier reviews of the Totd Artificial Heart
Program. NHLBI has specificaly acknowledged the importance of these considerationsin
reviewing the TAH over the last severd decades. However, the NHLBI has not implemented a
research agenda to begin to answer some of these specific questionsraised in thesereviews. Itis
the recommendation of this pand that if further funding for the TAH Program is gpproved, that
funding for the research agenda addressing access to care, patient acceptance, and qudity of life
for recipients of the TAH be implemented concurrently. Further, it is recommended that this
research agenda, especially the policy and patient’ s acceptance components, be implemented
before dinica development in humansisinitiated.
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ACE
ACT
CPB
DHHS
ECMO
FDA
HCFA
HITT
IABP
IDE
IOM
LVAD
NHLBI
NYHA
REMATCH

TAH
TIA
VAD(9

ABBREVIATIONS

Angiotens n-converting enzyme inhibitor

Activated clotting time

Cardio-pulmonary bypass

Department of Health and Human Services

Extracorporeal membrane oxygenation system

Food and Drug Administration

Hedlth Care Financing Adminigration

Heparin induced thrombocytopenia and thrombosi's

Intra-aortic balloon pump

Investigational device exemption

Indtitute of Medicine

Left ventricular assst device

National Heart, Lung, and Blood Indtitute

New York Heart Association

Randomized Evauation of Mechanica Assstance for Trestment of
Congestive Heart Failure

Totd atificid heart

Trangent ischemic attack

Ventricular assist device(s)
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